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The in situ conformation and axial location of the intermolecular
cross-linked non-helical telopeptides of type I collagen
Joseph P Orgel, Tim J Wess* and Andrew Miller
Background: Type I collagen contains specific lysine and hydroxylysine
residues that are critical in the formation of intermolecular cross-links crucial
for the normal configuration and stability of the 67 nm axial repeat of collagen
fibrils in the extracellular matrix. The major cross-linkage sites are believed to
occur between the non-helical terminal regions (telopeptides) and helical
segments of adjacent collagen molecules. In this X-ray fibre diffraction
study the tissue has been maintained in the hydrated fibrillar state, whilst
detailed structural information was obtained using highly collimated
synchrotron radiation.
Results: The axial component of the X-ray diffraction patterns extends more
than twice as far in reciprocal space than that of any already published. The
structure-factor phases were calculated using the multiple isomorphous
addition method, avoiding model-based approaches, and produced an 
electron-density profile of the molecular arrangement projected on to the fibre
axis to 0.54 nm resolution. This corresponds to the phasing of 124 orders of
the meridional diffraction pattern. 
Conclusions: The axially projected electron-density profile and the 
electron-density difference maps showed that both the N- and C-terminal
telopeptides are contracted structures. This profile puts narrow constraints on
the possible conformations of the C-terminal telopeptide; the best fit to the
electron-density profile is when the α1 chains adopt a folded conformation with
a sharp hairpin turn around residues 13 and 14 of the 25-residue telopeptide.
Our results reveal for the first time the location, parallel to the fibril axis, of the
intermolecular cross-links in normal hydrated tissue. These cross-links are
essential for the biological function of the tissue.
Introduction
The mechanical strength of many connective tissues is con-
ferred by the presence of collagen fibres. The major con-
stituents of fibres are type I fibrils consisting of collagen
molecules organised in a specific axial manner. The type I
collagen triplex is a heteropolymer consisting of two α1
chains and an α2 chain of over 1000 residues. Fibrils form
by a self-assembly process that requires the short non-
helical end regions of the molecules (telopeptides) to facili-
tate correct molecular registration and cross-link formation.
This in turn ensures the development of structural strength
and integrity [1,2]. The conformation of the telopeptide
regions has been sought in order to determine the key role
of telopeptides in fibrillogenesis and maintenance of the
structural organisation within a single collagen fibril. This
requires a high-resolution axial study of the 67 nm axial
unit cell of fibrillar collagen in order to define the non-
helical telopeptide conformation in situ. Recent X-ray dif-
fraction studies have investigated the conformation of the
telopeptides [3–5], but they were either model based or of
insufficient resolution to determine their structure.
The possibility of obtaining a unique and high-resolution
electron-density map from the X-ray diffraction data
makes overcoming the problems of calculating the phase
angles worthwhile. Over 140 meridional orders corre-
sponding to an axial diffraction resolution of approxi-
mately 0.48 nm have been observed in the collagen
fibre diagram.
Data presented here show a significant increase in the res-
olution and also the definition of the axial structure of
type I collagen compared with previous studies. This was
obtained by a non-model-dependent means of calculating
the phase component of the axial structure factors. Native
and isomorphous derivative orders of diffraction (124 in
total) were used to generate a one-dimensional (1D) elec-
tron-density profile for the native protein and heavy-atom
derivatives to a resolution of 0.54 nm (2.5 times greater
than any previous study). From this it has been possible to
deduce the axial alignment of the collagen chains, the rel-
ative ratio of the gap overlap period, and to identify struc-
tural features of the telopeptides.
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Results
X-ray diffraction pattern of type I collagen fibrils in tendon
The X-ray diffraction pattern of rat-tail tendon contains a
strong meridional series of reflections corresponding to
axial molecular organisation; this can be seen in Figure 1.
The diffraction pattern reveals the extent of discrete
meridional reflections that can be observed for both native
and heavy-atom derivative samples. The meridional Bragg
reflections were integrated to generate a 1D meridional
profile from which the individual peak intensities could
be fitted. A portion of the meridional intensity profile cor-
responding to orders 79–124 is shown in Figure 2. 
Interpretation of the heavy-atom-binding sites
The heavy-atom distributions for the derivatives used are
shown in the difference maps (Figure 3). Methionine, his-
tidine and tyrosine were the principal residues labelled.
The gold chloride derivative difference Fourier profile
shows that gold chloride exhibits preferential labelling at
selected sites (histidine and several methionine residues)
in the triple-helical region. The relative axial locations of
the tyrosine residues are shown by the iodination peaks in
the difference Fourier profile. For these profiles the best
phase agreement between the derivatives was obtained
with mono- rather than di-iodide substitution of tyrosine
residues. Ultraviolet (UV) irradiation was also used to
modify the labelling pattern of tyrosine. The attachment
of iodine at a selected number of histidine residue sites
within the overlap region is also apparent. Both the C and
N termini α1 and α2 telopeptides contain tyrosine;
however, no methionine or histidine residues are found
within the N-terminal telopeptide (N telopeptide). The
location of the iodinated tyrosine peaks in the difference
Fourier profile is of particular relevance to the determina-
tion of the C-terminal telopeptide (C telopeptide) struc-
ture, as the tyrosine residues are located at both ends of
the telopeptide sequence. The UV-irradiated pre-treated
iodinated difference Fourier contains significant differ-
ences in some of the labelling sites, indicating the suscep-
tibility of some tyrosine residues to photodamage.
In the case of the N telopeptide, the two α1 chains
contain two tyrosine residues located at positions 4 and 6.
Here the position of the tyrosine residues is more difficult
to measure because of overlap with the axially projected
position of histidine residues in the helical region of adja-
cent collagen molecules, staggered by 67 nm (D) or a
multiple of this.
The labelling positions of the heavy atoms provide a
means of determining the most likely conformation of the
C telopeptide. The iodination of tyrosine residues within
the telopeptide allow their axial position to be resolved
(Figure 4). The α1 chains (25 residues in the C telopep-
tide) contain one ‘proximal’ tyrosine residue at position 4
in the telopeptide and two ‘distal’ tyrosine residues at the
end of the telopeptide region (positions 24 and 25), in
addition to one histidine residue at position 19. The much
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Figure 1
X-ray diffraction pattern of collagen fibrils in tendon. The X-ray diffraction
pattern of rat-tail tendon contains a series of intense meridional
reflections corresponding to axial molecular organisation. Collagen fibrils
from rat-tail tendon contain three-dimensional microcrystalline domains
of collagen molecules, producing the discrete Bragg peaks in the
equatorial plane and parallel to the meridian of the diffraction pattern.
The resolution of the diffraction data extends to approximately 1.0 nm
along the equator and 0.54 nm parallel to the meridian.
Figure 2
Meridional trace of native intensities from orders 79–124 after
background subtraction. The intensity profile clearly shows that
diffraction data intensities can be obtained to a higher resolution than
measured previously. The linear trace was obtained by integrating over
a sector of the detector that contained the meridional diffraction.
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shorter α2 C-telopeptide chain (9 residues) has one tyro-
sine at position 4. 
The difference Fourier map for the iodine derivative
shows two sets of peaks in the C-telopeptide region. The
distance between the large peak and the first of the series
of four peaks in this region (Figure 4) is approximately
0.027 D (1.8 nm). The two groups of iodine-labelled tyro-
sine residues are separated by 20 amino acids in the
C-telopeptide sequence. The telopeptide sequences do
not contain the Gly-Pro-Pro tripeptide motif required for
collagen-triplex formation. If the C telopeptide adopted
an axially contracted conformation, the average axial
translation per residue would have to be approximately
0.09 nm. In a hairpin folded conformation, the major iodi-
nation peak in Figure 4 corresponds to the proximal and
distal tyrosine residues (positions 4, 24 and 25) that have
been brought into close proximity by a sharp change in
the polypeptide direction, possibly between residues 13
and 14. Caution is needed in assigning exact estimates of
distances on the basis of the histidine-labelling peaks.
The C-terminal histidine residues at position 19 of the
α1 chains are in close axial projection position to three
histidine residues within the helical region of adjacent D
periodic segments. 
The significance of the native electron-density profile
The native electron-density profile is shown in Figure 5; it
can be used to estimate parameters such as the ratio
between the gap and overlap, as well as giving some infor-
mation about the telopeptide structure. The length of the
overlap (with telopeptides) was measured to be 0.46 D
(the gap region therefore being 0.54 D), the limits being
judged by the maximum observed extent of the telopep-
tides. As this study has a maximum resolution of 0.54 nm,
this suggests an estimated error of ± 0.008 D. This com-
pares with previous gap/overlap estimations (0.52:0.48 [5],
0.52:0.48 [6], 0.6:0.4 [7], 0.54:0.46 [8], and 0.53:0.47 [9]). 
Interpretation of the native axially projected electron-
density profile can also be aided by an attempt to build a
model that matches the electron-density profile. The
parameters that were used to test a fit were the number of
amino acids in each D periodic segment, the C-telopep-
tide conformation, and the N-telopeptide conformation. 
The maximum agreement (minimum residual) between
the determined and modelled electron-density profiles
was reached when each D periodic segment contained
234.2 amino acids; this value is exactly the same as found
by Meek et al. [10]. The amino acid sequence [11] and
electron density (corrected for water occupancy) were
treated in an analogous manner to those in Hulmes et al.
[12]. The C telopeptide was built in a folded arrangement
with a tight turn at residues Pro13 and Gln14, and the
N-terminal telopeptides contracted to 85% of the nominal
axial amino acid translation value for the helical regions.
As can be seen from Figure 5, the solution for the native
electron-density profile contains many common features
with the model that has been made solely from amino acid
scattering functions. Differences in the density profiles
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Figure 3
Electron-density difference maps of D period.
The axial D periodic function is shown
schematically (top), with three electron-
density difference maps shown below. The
putative residues involved in binding heavy
atoms are indicated. In the regions
corresponding to the telopeptides the
prominent peaks resulting from iodination can
be observed. The binding of gold chloride to
the methionine and histidine residues is also
shown as a series of sharp peaks in the
middle difference map. The vertical lines show
the alignment of the difference maps to
corresponding amino acids in the axial
structure. The interface between the gap and
overlap is also shown.
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may be the result of small local variations in the helical-
repeat distance. The native electron-density profile shows
two conspicuous peaks in the region of the C telopeptide.
Unless the C-telopeptide residues are modelled as being
in a tight turn, with the tyrosine residues of both ends of
the telopeptide in axial alignment, the corresponding two
peaks are not observed in the electron-density model. It is
significant to note that the solutions of Hulmes et al. [12]
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Figure 4
Conformation of the C telopeptide restricted
by heavy-atom positions. An expanded view of
the C-telopeptide region shows a
conformation that corresponds well with the
difference-density data. The distance from the
main iodine peak to the gap/overlap interface
is shown to be 2.7 nm. This corresponds to
the estimated distance between Tyr4 and
the proposed tight turn involving residues
Pro13/Gln14. This would bring the Tyr24
residues into rough axial alignment with
the Tyr4 residues, and bring Lys17 into
a favourable position to form
the lysine–hydroxylysine cross-link at
Hly87 (shown) and help stabilise the
microfibrillar structure.
Figure 5
The native electron density and a model
based on sequence data. This shows the
characteristic gap/overlap step function within
a D-repeat axial unit cell. The length of the
overlap (with telopeptides) was measured to
be 0.46 D (the gap region therefore being
0.54 D), the limits being judged by the
maximum observed extent of the telopeptides.
The asterisk corresponds to the position of
the major iodination peak; the electron density
of the telopeptide can be seen to extend
beyond this point towards the gap region. The
model electron-density profile shows some
common features with the electron-density
profile determined in this study; differences
between the two may result because of small
local variations in the axial rise per residue
along the length of the molecule.
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and Bradshaw et al. [5] also predicted these two peaks in
the C-terminal region. For the N telopeptide, the best fit
in the model structure to that of the observed electron
density is where the N telopeptides are contracted to an
overall telopeptide length of approximately 85% com-
pared with that of a triple-helical region containing the
same number of residues. 
Discussion
The amount of lateral space available in the gap region for
peptide folding is limited to the molecular diameter of the
‘missing’ molecular segment that constitutes the gap
region. This places large constraints on the possible mol-
ecular conformations of the telopeptides. Previous studies
of telopeptide conformation involved model-based
approaches [13] or investigations of single isolated syn-
thetic or extracted telopeptide chains [14]. Analysis of a
single synthetic α1 chain C telopeptide by nuclear mag-
netic resonance (NMR) spectroscopy demonstrated that
the isolated chain was axially condensed, with a possible
disposition to folding. A folded C-telopeptide conformation
was proposed to account for the spectroscopic data
obtained from a single α1 chain C telopeptide isolated from
calf skin. Such studies, however, pay little or no attention to
the possible in situ interactions of the telopeptides with
each other or with the six surrounding collagen molecules
that define the boundary of the gap region. Some model-
ling studies have examined the molecular packing within a
hexagonal lattice [15,16]. However, the protein prediction
algorithms used did not consider the interactions between
the telopeptide region and the amino acid sidechains that
are present in situ in the surrounding helices.
X-ray diffraction studies have shown that localised amino
acid sequence and conformation changes within the
telopeptide regions significantly affected the intensity dis-
tribution of the low-angle meridional orders. Hulmes et al.
[12] reported axial translation values for amino acid residues
of 0.282 nm for the collagen triplex, 0.241 in the N telopep-
tide and 0.2 nm in the C telopeptide, assuming that the
telopeptides were contracted rather than folded. Bradshaw
et al. [5] demonstrated the axial contraction of the telopep-
tide regions; however, the study was not of sufficiently high
resolution to determine whether the axial contraction of N
and C telopeptides is due to the distances between residues
being reduced or to folding of the peptides. 
The electron-density profiles shown here are interpretable
in terms of the reagents used and the available sequence
data. The importance of the results is that the conforma-
tion of the telopeptide regions has been established in situ.
Although the exact conformation of the N telopeptide
remains unclear, strong evidence has been presented for a
tight turn located at Pro13 and Gln14 in the α1 C telopep-
tide and the location of the important intermolecular
cross-links has been determined.
Biological implications
Collagens are the major family of proteins that consti-
tute the extracellular matrix, where they provide the
main mechanical support and structural organisation of
connective tissues such as skin, tendon, aorta and bone.
The most abundant form of collagen is type I collagen,
found mostly as fibrils. Fibrils form in a self-assembly
process that requires the short non-helical end regions of
the molecules (telopeptides) to allow correct molecular
registration and cross-link formation, thus ensuring the
development of fibrillar structure, strength and integrity.
The deposition of collagen molecules in fibril formation
is characterised by specific axial and lateral organisa-
tion. The structural resilience within the fibrillar struc-
ture depends to a great extent on the correct molecular
staggering of neighbouring collagen molecules by 67 nm.
The stabilisation of this correct molecular registration is
dependent on the natural lysine-based intermolecular
cross-links. Type I collagen is known to contain two
major cross-link sites, both of which involve the non-
helical telopeptide regions at the ends of the collagen
molecules. Where cross-linking is impaired or hypersta-
bilised, the structural integrity of the connective tissue is
significantly affected. Several connective-tissue diseases
are the result of impaired cross-link formation; hypersta-
bilisation is associated with the ageing process. 
It is important to visualise the in situ conformation and
location of these intermolecular attachment sites. The
X-ray fibre diffraction results presented here show that
the probable molecular conformation of the C-terminal
telopeptide of the α1 chain of type I collagen is that of a
folded structure. The folded structure puts the C-termi-
nal lysine in the correct molecular register for cross-link
formation with a lysine-derived residue in a helical
segment of the collagen. This might also account for the
shorter sequence of the α2 chain C-terminal telopeptide
needed to accommodate the folded structure.
Materials and methods
Sample preparation and X-ray diffraction experiments were carried out
as described in Wess et al. [4]. Staining procedures are given by Brad-
shaw et al. [5]. Iodide is believed to bond covalently with tyrosine
residues, although iodohistidine can also form under the same reaction
conditions [17]. Gold chloride is known to form complexes with cys-
teine, methionine, and histidine, but only the latter two are found in
type I collagen.
Exposure of samples to UV light of wavelength λ = 254 nm for 1 h was
performed to cause free-radical attack principally upon tyrosine
residues, although histidine could also be expected to be susceptible.
X-ray diffraction patterns of rat-tail tendon were obtained at the Dares-
bury Laboratory Synchrotron (CLRC), UK, on beamlines 7.2 (in fibre
diffraction mode; λ = 1.448 Å) and 2.1 (small angle fibre diffraction;
λ = 1.54 Å), and at the European Synchrotron Radiation Facility
(ESRF) Grenoble, France ID2 (high-brilliance beamline; λ = 0.7–1.0 Å).
The sample to detector distance was 0.425 m and 1.1 m for high-reso-
lution data (orders 6–146) at the Synchrotron Radiation Source (SRS)
and ESRF, respectively. Data sets were recorded on a variety of detec-
tor systems: at the SRS 2.1 on a gas wire detector, at SRS 7.2 on a
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MARresearch scanner, and at ESRF ID2 on a charge couple device
(CCD) detector and phosphor image plate scanned on a molecular
dynamics flatbed scanner. Data sets were carefully screened to ensure
repeatability across this broad range of detector systems and samples.
Background subtraction of sample-derived diffuse scatter was per-
formed using the suite of programs FIT2D [3]. This was used to remove
the sloping background that the meridional profile is superimposed on.
The meridional intensity profiles were projected onto a single-line
profile and the intensities determined by the xfit routine of the CCP13
fibre diffraction suite (http://www.dl.ac.uk/SRS/CCP13; RC Denny,
personal communication). Systematic corrections were applied to the
intensity values obtained from the 1D profile to allow for intersection
with the Ewald sphere and sample tilt.
Data sets were merged to give up to 146 meridional intensities in each
native protein or derivative set. Of these, 124 reflections common to all
data sets were used in the phase determination. Phases were esti-
mated for each axial reflection and used to produce electron-density
profiles that were calculated for the native and three derivative struc-
tures by Fourier inversion of the structure factors [5]. The difference
Fourier of the native and derivative fibril structure produced a refined
model of the labelling positions of the respective heavy atoms. The
refined labelling positions were used to generate new heavy-atom
structure functions and the process was repeated until the labelling
positions stabilised over a number of cycles (approximately 25).
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